AP-1, activator protein-1; BH4, tetrahydrobiopterin; cGMP, cyclic guanosine monophosphate; ECMs, extracellular matrix proteins; eNOS, endothelial nitric oxide synthase; ER-α and -β, estrogen receptor-α and -β; FGF-2, fibroblast growth factor-2; GR-α and -β, glucocorticoid receptor-α and -β; GTPCH, GTP cyclohydrolase 1; HSCs, hepatic stellate cells; interleukin-6, IL-6; iNOS, inducible nitric oxide synthase; IRF-1, interferon regulatory factor-1; LPS, lipopolysaccharide; GC, guanylyl cyclase; LSECs, liver sinusoidal endothelial cells; MMP-9, matrix metalloprotein-9; NAFLD, non-alcoholic fatty liver disease; NASH, non-alcoholic steatohepatitis; NFkβ, nuclear factor-kappa β; nNOS, neuronal nitric oxide synthase; NO, nitric oxide; NOS, nitric oxide synthase; ONOO−, peroxynitrite; PAI-1, plasminogen activator inhibitor-1; PDGF-A and -B, platelet-derived growth factor-A and -B; PKG, cGMP-dependent protein kinase; RNS, reactive nitrogen species; SNPs, single nucleotide polymorphisms; miRNA, microRNA; snRNA, small nuclear RNAs; STAT-1α, signal transducer and activator of transcription-1α; STAT-3, signal transducer and activator of transcription-3; TCF-11, transcription factor 11; TCF-4, T-cell factor 4; TGF-β; transforming growth factor-β; TNF-α, tumor necrosis factor-α Received : Nov. 14, 2015 / Accepted : Nov. 14, 2015
INTRODUCTION
Nitric oxide (NO) plays important roles in hepatic physiology and pathophysiology. 1 NO is generated as a by-product of the oxidation of L-arginine to citrulline 2 by the action of three isoforms of NO synthases (NOSs): neuronal NOS (nNOS or NOS1), inducible NOS (iNOS or NOS2), and endothelial NOS (eNOS or NOS3). nNOS and eNOS are constitutively expressed. iNOS expression is absent in resting cells but is induced by immunological stimuli, such as bacterial lipopolysaccharide (LPS) and inflammatory cytokines. 3 In the liver, small amounts of NO generated by eNOS are thought to be important for liver homeostasis and protective against pathological conditions. In contrast, large amounts of NO generated by iNOS are implicated in the etiologies of many liver diseases, including liver fibrosis. The role of nNOS in liver biology is not well known. 1 This review article will summarize the role of iNOS in liver fibrosis, addressing 1) iNOS biology, 2) iNOS-expressing liver cells, 3) iNOS-related therapeutic strategies, and 4) future directions. tive nature. NO can bind to a wide range of molecules, such as free radicals, metal centers of enzymes [e.g., guanylyl cyclase (GC) and cytochrome C oxidase], tyrosine or cysteine residues of proteins, guanine nucleotides, and polyunsaturated fatty acids. 1 In the most renowned mode of NO action, NO activates GC by binding to its metal center (i.e., ferrous heme iron). This produces cyclic guanosine monophosphate (cGMP), which then binds to phosphodiesterases or cGMP-dependent protein kinases (PKGs) and induces a cascade of events that facilitate various biological processes, such as vasodilation, platelet aggregation, and neurotransmission. 4 iNOS-derived NO exerts its effects through these various pathways and is involved in the development and maintenance of many liver diseases.
Regulation of iNOS expression by transcription factors
Due to its inducible nature, the regulation of iNOS transcription is considered the most important step in the control of iNOS activity, as opposed to constitutively expressed eNOS and nNOS, the regulation of which is more heavily governed by post-translational modifications and protein-protein interactions than by mRNA expression. The most studied pathway in the liver is the activation of the transcription factor, nuclear factor-kappa β (NF-κβ), which can bind to the iNOS promoter and induce iNOS expression. In addition, various transcription factors have been shown to regulate iNOS expression. Those include signal transducer and activator of transcription-1α (STAT-1α), interferon regulatory factor-1 (IRF-1), activator protein-1 (AP-1), octamer transcription factors, cAMP-induced transcription factors, T-cell factor 4 (TCF-4), transcription factor 11 (TCF-11), epidermal growth factor receptor, signal transducer and activator of transcription-3 (STAT-3), nuclear receptors, glucocorticoid receptor-α and -β (GR-α and -β), and estrogen receptor-α and -β (ER-α and -β). Furthermore, signaling pathways that stimulate these transcription factors appear to differ, depending on cell type and species. 5 Understanding these differences in iNOS inducers and their related pathways could be a key to the modulation of iNOS induction. In addition to transcriptional regulation, the control of iNOS mRNA stability, mRNA translation, and protein stability plays a critical role in iNOS induction. 
Regulation of iNOS enzymatic activity
iNOS activity is dependent on the availability of its substrate, arginine, and is influenced by the activity of arginase, which catalyzes the conversion of L-arginine to L-ornithine and urea, thereby decreasing the availability of L-arginine for iNOS activity. 7 Tetrahydrobiopterin (BH 4 ) is an essential cofactor for iNOS activity. 8, 9 Because homodimerization of iNOS is required for its activity and BH4 is essential for this process, the mechanism regulating BH 4 synthesis and consumption can also regulate iNOS activity. [8] [9] [10] [11] GTP cyclohydrolase 1 (GTPCH) is an essential enzyme in the biogenesis of BH 4 . Deletion of this enzyme in macrophages blocked NO synthesis in response to LPS and IFNγ stimulation, despite the presence of iNOS protein. In addition, a lack of BH 4 biogenesis resulted in increased production of reactive oxygen species (ROS) due to the uncoupling of iNOS, which is mediated by BH 4 . However, these events were reversible because the administration of sepiapterin, a precursor of BH 4 , could restore BH 4 , NO production, and the cellular redox state.
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Inhibitory proteins of iNOS activity have been identified. In murine macrophages, a 110-kDa protein, called NAP110, directly interacted with the amino terminus of iNOS and prevented its dimerization, thereby inhibiting iNOS activity. 13 iNOS protein synthesizes NO continuously until the enzyme is degraded. 14, 15 Therefore, factors affecting iNOS protein degradation could regulate iNOS activity and NO production.
iNOS AND LIVER FIBROSIS
Liver fibrosis is a consequence of a wide range of liver injuries caused by hepatitis virus, drug, toxin, bile acid accumulation, autoimmune diseases, obesity/metabolic syndrome, and alcohol. 1 iNOS induction is associated with liver fibrosis of diverse etiology. 1 The role of iNOS has been studied using iNOS knockout mice and iNOS-specific or NOS inhibitors in vivo and in vitro. iNOS gene deletion resulted in reduced liver fibrosis. 16, 17 iNOS KO mice fed a high-cholesterol diet for 6 weeks exhibited significant reductions in hepatic fibrosis and expression of inflammatory cytokines, including transforming growth factor-beta (TGFβ) and tumor necrosis factor-alpha (TNFα). 16 In addition, iNOS deletion decreased hypoxia-inducible factor-1alpha (HIF1α) levels and HIF1α-associated gene expression, including that of platelet-derived growth factor (PDGF)-A, PDGF-B, fibroblast growth factor-2 (FGF-2), and plasminogen activator inhibitor-1 (PAI-1). A similar reduction in high-cholesterol diet-induced hepatic fibrosis was observed in mice provided with an iNOS-specific inhibitor (PBIT). Taken together, both genetic deletion and pharmacological inhibition of iNOS resulted in decreased hepatic fibrosis, suggesting a role of iNOS in the development of 
Kupffer cells
Activated Kupffer cells produce a wide variety of proinflammatory cytokines, such as TNFα, IL-6, and TGFβ, which then activate HSCs, leading to the production of extracellular matrix (collagen fibers) and thereby, liver fibrosis. In addition, activated Kupffer cells produce large amounts of NO through an induction of iNOS. NO reacts with ROS to form reactive nitrogen species (RNS), such as highly reactive and toxic peroxynitrite (ONOO − ). Kupffer cells are the primary source of ONOO − in the liver. These inflammatory mediators (i.e., ROS, RNS, and ONOO − ) can also activate HSCs.
Kupffer cells are activated by a wide range of stimuli, such as the endotoxin LPS in the blood and the inflammatory cytokines mentioned above. Generally, high levels of glutathione (GSH), an antioxidant protein, scavenge ONOO − and prevent HSCs from activation. However, conditions that deplete GSH and/or other antioxidant molecules may increase the risk of ONOO − -induced liver damage and HSC activation, facilitating liver fibrosis. For example, GSH depletion has been demonstrated in alcoholic liver disease. [18] [19] [20] The molecular mechanism by which ONOO − causes HSC activation remains largely unknown. An antifibrotic effect of NO was also reported, where NO caused apoptosis of myofibroblasts, thereby reducing liver fibrosis. 21 This increase in apoptosis resulted from mitochondrial dysfunction caused by the penetration of NO and was independent of caspase pathways. How these opposite effects of NO on liver fibrosis are exerted remains to be elucidated.
Liver sinusoidal endothelial cells
LSECs play an important role in the transfer of nutrients, lipids, and lipoproteins. Under normal conditions, LSECs have fenestrae and lack basement membranes. 22 However, under pathological conditions, LSECs lose fenestrae and start to form basement membranes. 23 This pathological transformation of the LSEC phenotype is known as "capillarization." LSEC capillarization occurs earlier than fibrotic development in various liver diseases, including non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH) 24, 25 and in experimental models of liver fibrosis. [24] [25] [26] LSEC capillarization appears to facilitate HSC activation. 27 Upregulation of iNOS in LSECs was associated with LSEC capillarization. 24, 28 Because cytokines and LPS can induce iNOS expression in LSECs, 29 increased iNOS expression may contribute to LSEC capillarization and subsequently, hepatic fibrosis. However, the mechanism by which increased iNOS expression leads to LSEC capillarization is unknown. NO derived from iNOS was implicated in LSEC dysfunction. 30 However, what functions of LSECs are influenced by iNOS and how those influences are exerted are largely unknown. Further investigations are needed to determine this aspect.
Hepatic stellate cells
HSCs are known as the main contributor to liver fibrosis. In response to profibrotic stimuli, quiescent HSCs become activated and transformed to myofibroblasts, which produce collagen and other extracellular matrix proteins (ECMs), leading to liver fibrosis. 31, 32 iNOS inhibition in HSCs has been implicated in antifibrosis. 16, 17 iNOS and NO donors enhanced matrix metalloprotein-9
(MMP-9) expression and activation in HSCs in vivo and in vitro. 16 HSCs are an important source of MMP-9 during hepatic fibrogenesis. 16, 33 MMPs play important roles in degradation and remodeling of ECM components under both physiological and pathophysiological conditions. 16, 34 While the role of MMP-9 in liver fibrogenesis has not been fully elucidated, a study using MMP-9 knockout mice showed reduced liver fibrosis following hepatic injury, 35 suggesting a contribution of MMP-9 to liver fibrosis. It has been postulated that MMP-mediated degradation of ECMs in the space of Disse is essential for fibrotic activation of HSCs. Because particular ECM components keep HSCs quiescent in normal liver, MMP-mediated ECM degradation may change ECM components, leading to the activation of HSCs. 36 iNOS knockout mice and mice administered an iNOS-specific inhibitor (PBIT) showed a significant decrease in liver fibrosis in a NASH model, which was accompanied by decreased MMP-9 activation, compared with WT mice, suggesting a positive link among iNOS, MMP-9, and liver fi-brosis. 16 A complex interplay between hepatic cells contributes to hepatic fibrosis. iNOS is induced in almost all liver cells but paracrine regulation of NO between neighboring cells is largely unknown. Studies using mice with cell-specific iNOS deletion may aid in the exploration of this important area.
iNOS-RELATED THERAPEUTIC STRATEGIES
Experimental and clinical studies have shown iNOS as a potential therapeutic target for liver fibrosis. The potential of iNOS inhibitors and gene therapies will be briefly discussed.
iNOS inhibitors
Because of the proinflammatory nature of iNOS, its inhibition has been considered as a therapeutic strategy for several disease conditions, including septic shock and asthma. 37, 38 However, these trials were not successful. This may be due in part to global inhibition of iNOS and/or the timing of administration of iNOS inhibitors. Because the roles of iNOS may differ according to cell or tissue type or stage of disease, these aspects should be thoroughly examined for therapeutic purposes. iNOS inhibitors have not yet been tested in human liver fibrosis. In experimental studies, however, iNOS inhibition or gene deletion prevented liver tissue damage and fibrosis. 16 Blocking iNOS by oral administration of the inhibitor RF260330 reduced fibrosis in rats by inhibiting TGFβ1 production. 39 Thus, iNOS could be a therapeutic target for the treatment of liver fibrosis. However, given that almost all liver cells express iNOS, understanding cell-specific roles of iNOS expression in fibrosis would be important for the development of iNOS targeting. Furthermore, the regulation of iNOS induction as well as its biological consequences may differ according to the stage of fibrosis. Knowledge regarding these aspects would help researchers to develop effective therapeutic strategies with minimal off-target effects.
iNOS polymorphism
Several single nucleotide polymorphisms (SNPs) have been found in the human iNOS promoter, 6, 40, 41 and their association with some pathological conditions, such as malaria, 42 atopic diseases, 43 multiple sclerosis, 44 and hypertension, 45 has been suggested.
iNOS SNPs may also be related to the susceptibility to liver fibrosis. One study 46 investigated iNOS SNPs in NAFLD patients (a total of 115 patients with NAFLD and 435 healthy control subjects) and found a significant increase in the fibrosis index in patients with the T allele of the iNOS SNP rs1060822 (P=0.0465, Kruskal-Wallis test), suggesting that the iNOS SNPs influence liver fibrosis associated with NAFLD. Therefore, targeting these gene mutations may also represent a potential therapeutic strategy.
FUTURE DIRECTIONS

Role of iNOS in lymphocytes
Compared with Kupffer cells (or macrophages), iNOS regulation in other immune cells, such as dendritic cells and B and T lymphocytes, has been less thoroughly studied. iNOS induction in T cells is mediated by lymphoid stromal cells (including lymphatic endothelial cells and fibroblast reticular cells). Given the recent studies showing the importance of these lymphocytes for liver fibrosis, 47 it would be interesting to study the role of iNOS in T lymphocytes in relation to the myofibroblast population during hepatic fibrogenesis.
Regulation of iNOS expression by non-coding RNAs
A non-coding RNA is a functional RNA that does not encode a protein. The majority of the genome is thought to be transcribed into non-coding RNAs, most of which are spliced and/or processed into smaller RNAs. These non-coding RNAs include microRNA (miRNAs), small nuclear RNAs (snRNAs, involved in splicing), and small nucleolar RNAs (snoRNAs, involved in the modification of ribosomal RNAs) as well as other classes of unidentified small regulatory RNAs and longer RNAs. Non-coding RNAs have been recognized as increasingly important for the regulation of the fate of RNAs.
A miRNA is a small, non-coding, single-stranded RNA molecule that consists of about 22 nucleotides and is found in plants, animals, and some viruses. The function of miRNAs includes silencing and post-transcriptional regulation of gene expression by binding to 3′-UTR sequences of target RNAs. At least 6 miRNAs have been identified that regulate iNOS expression, directly or indirectly. These include miR939, 146a, 26a, and 34b, which downregulate iNOS, and miR-155 and 27b, which participate in its upregulation. 48 The role of these miRNAs in the regulation of hepatic cell-specific miRNAs could be important for cell-targeted blockage of iNOS expression, which may contribute to decreased hepatic injury and fibrosis. 
Post-translational modifications of proteins by NO
By producing large amounts of NO, iNOS could modulate protein function through the various post-translational modifications mentioned above. For example, NO can bind to cysteine residues of specific proteins (i.e., S-nitrosylation) and alter their function, thereby facilitating specific biological processes. [49] [50] [51] [52] It is not known what proteins are the targets for S-nitrosylation in HSCs. The identification of potential targets for S-nitrosylation may help us to understand NO-mediated regulation of HSC function. Thus, proteomic analysis of target proteins for NO-mediated post-translational modifications could advance our knowledge of NO-mediated regulation of liver fibrosis.
CONCLUSION
Given the beneficial roles of iNOS inhibition and gene deletion in liver fibrosis observed in experimental models, iNOS is likely a potential therapeutic target for liver fibrosis. However, iNOS is expressed in almost all liver cells and its role may differ among liver cell types. Therefore, the determination of the cell-specific roles of iNOS in liver fibrosis and the development of a cell-specific delivery system for iNOS inhibitors may warrant the successful development of antifibrotic therapeutic strategies.
